Abstract The aim of this study was to assess the relationship of the evolution of the corpus luteum (CL) volume that was determined ultrasonographically with the pregnancy status in lactating dairy cows during early pregnancy. Ultrasound examinations were carried out on 76 cows following artificial insemination (AI). Plasma concentrations of progesterone were determined from blood samples collected at each ultrasound examination.
Introduction
Many research findings in large animal reproduction during the past 30 years can be credited entirely to ultrasonic imaging (Ginther 2014) . This technology has played a key role in reproductive management of cattle, since it allows visualize the ovarian and uterine structures or the pregnancy status and fetal viability (Fricke 2002) .
The corpus luteum (CL) is a transient endocrine organ in the mammalian ovary. The main function of the CL is to produce the steroid hormone progesterone, which is necessary for the establishing and maintaining pregnancy in all domestic animals, including cattle (Bazer et al. 2010) . Depending on the species, CL may produce other hormones such as oxytocin, noradrenaline and growth factors efficiently stimulate progesterone synthesis in bovine early CL (Niswender et al. 2000) .
If pregnancy does not occur, the CL regresses during luteolysis. Prostaglandin F 2α from the uterus exerts a luteolytic effect on the CL, and the plasma concentration of progesterone decreases (Ginther et al. 2010) . However, when pregnancy is established, the CL lifespan is prolonged, and in cows, the CL continues to produce progesterone during the gestation period (Niswender et al. 2000) . The early identification of non-pregnant dairy cows has a direct effect on the calving to conception interval (Stevenson et al. 2003) and increasing artificial insemination service rate (Fricke 2002) .
Thus, the correct diagnosis of CL presence and estimation of its functional status are important for the successful management of the reproductive activity of dairy cows (e.g., presence of a CL before the initiation of synchronization program affects fertility) (Galvão et al. 2007 ). For several years, progesterone in milk or blood has been recognized as a valid indicator of different reproductive stages in cows (Waldmann and Raud 2016; Wilsdorf et al. 2016) . However, progesterone determinations require specific equipment, methods and time (Simersky et al. 2007; Zia et al. 2012) .
Under field conditions, the functional status of a CL is determined by transrectal palpation, which is based on a sensitivity and specificity of the method to identify CL of 86.2% and 70.3% (Zdunczyk et al. 2009 ). However, the presence of a CL is usually easier to diagnose than the absence of a CL (Hanzen et al. 2000) . Moreover, the sensitivity of palpation for identifying changes during the luteal evolution is low (e.g. during the regression of the CL, the positive predictive value of the detection by palpation is only 64%) (Pieterse et al. 1990 ).
The application of ultrasound scans offers a great opportunity in bovine reproduction for a more reliable CL diagnosis. Ultrasound characteristics of the uterus and CL have been assessed as possible markers for early pregnancy diagnosis (Herzog et al. 2011; Scully et al. 2015) . In practice, pregnancy diagnosis involves examination of the entire reproductive tract and even when an embryonic heartbeat is detected, it is recommended to assess the ovaries for the presence of a CL (López-Gatius and García-Ispierto 2010). Literature reviews concluded that the positive predictive value (PPV) and the negative predictive value (NPV) of ultrasonography were greater than the transrectal palpation for detection of a CL (Hanzen et al. 2000) .
A number of studies have found a significant relationship between CL size and plasma progesterone during CLdevelopment (Assey et al. 1993; Spell et al. 2001) . On the ovulation day, plasma progesterone levels are below the sensitivity of the assay (˂0.50 ng/dl), while the old corpus luteum was still detectable by an ultrasound, having an area of 1.5-2 cm 2 and an estimated volume of 1.38-2.13 ml in nonpregnant cows (Kamimura et al. 1993) . Simultaneously to the enlargement of CL, plasma progesterone levels increased similarly during the luteal phase of growth until day 8 of the cycle (Mann 2009 ). However, this relationship decreased during the luteal regression phase, in which the luteal volume decreased more slowly in relation to the concentration of progesterone (Kamimura et al. 1993) , and the size of the CL is no longer of importance in determining circulating progesterone concentrations (Mann 2009) .
Therefore, in this study we aimed at investigating the relationship between CL size as determined by ultrasound scan and progesterone concentrations, in order to contribute to the development of a quick and reliable method to predict pregnancy status in lactating dairy cows.
Material and methods

Animals
This study was carried out with 76 clinically and gynecologically healthy lactating Holstein Friesian cows. These cows were (mean ± SD) 4.0 ± 0.8 years old, with a body condition score of 2.9 ± 0.3 (scale 1-5), and all of them had given birth at least once. The herds were kept in an intensive system in two commercial farms in León (Spain). The cows were housed indoors, fed a total mixed ration and had free access to water.
Cows did not receive an ovulation synchronization program and checked for signs of estrus with twice-daily transrectal ultrasonography. Every cow was artificially inseminated 12 h after the detection of first standing estrus with frozen thawed sperm from an artificial insemination bull proven fertility, and examined (ultrasound scanner and plasma progesterone analysis) every 24 h, until the pregnancy was confirmed by an ultrasound exam on day 30 post-insemination. After pregnancy diagnosis, cows were retrospectively allocated as being pregnant (n = 33) or non-pregnant (n = 43).
Ultrasonography
Ultrasound scans were performed every 24 h in the mornings by the same operator using a 7.5 MHz linear transducer (Easi-Scan® portable ultrasound, BCF Technology Ltd., Livingston, UK). Three cross-sectional images of the CL were recorded and digitized. In a CL with cavity, area of the CL cavity was assessed separately and subtracted from the total CL area.
To calculate the volume of the corpus luteum (mm 3 ) the following equation was applied (Kamimura et al. 1993) :
Progesterone analysis
Immediately after the ultrasound examination, blood samples were collected for plasma progesterone concentration analysis. Blood samples (5 ml) were extracted from the coccygeal vessels in Vacutainer® vacuum tubes (Becton Dickinson, Rutherford, NJ) with heparin as an anticoagulant and using sterile needles. Then, the samples were centrifuged at 2200 x g for 10 min (Sigma 2-15 centrifuge, Sigma, Osterode, Germany). The plasma was extracted with a single use pipette and frozen at −20°C in microfuge tubes. The Progesterona Spectria® radioimmunoassay kit (Orion Diagnostic Corp. Espoo, Finland) was used for determinations of plasma progesterone. Sensitivity, inter-and intra-assay variation coefficients were 0.5 pg/ml, 9.7 and 5.0%, respectively. The result of progesterone concentrations is expressed in ng/ml.
Statistical analysis
For the statistical study, the statistical package Statistic Analysis System Version 6.12 (SAS Institute Inc., Cary, NC, USA) was used. Descriptive statistics were performed and data was presented as mean ± SEM. The correlation between the volume of the CL and the plasma progesterone concentration was quantified by Pearson correlation coefficients (P < 0.001 for significance). Since some authors (Kamimura et al. 1993) have suggested that there were high correlations during the first part of the cycle, we also split the time series, in order to determine if correlations varied between the first and second part of the cycle, we have studied the correlations from day 0 to 11 and from day 12 to 22. Moreover, we also studied from day 0 to 17 and from day 18 to 22, because the luteal regression in non-pregnant cows starts by day 17. Correlation coefficients were classified as strong (r > 0.7), moderate (0.3 < r < 0.7) or weak (r < 0.3) respectively. ANOVA was used to study the variability due to different days along the cycle and between pregnant and non-pregnant cows (P < 0.05).
Results
The comparison of the corpus luteum size between nonpregnant and pregnant cows is shown in Fig. 1 . In the first part of the studied period (up to day 6) the corpus luteum size was similar in both groups. In the second part of the period, from day 7 onwards, the CL volume tended to be larger in the pregnant cows, although the differences were significant only in specific days. Thus, from day 6 to 9, the growth of the CL was faster in the pregnant cows than in the non-pregnant group (117% vs. 37% of change, respectively). On day 9 differences between the groups were significant (NP group: 5137.3 ± 643.9 mm 3 vs P group: 8670.8 ± 1341.6 mm 3 ; P < 0.05). The difference between both groups remained constant from day 10 to 12. Only on day 13, the difference was significant between both groups (8637.7 ± 1175.1 mm 3 vs. 4856.5 ± 514.6 mm 3 , P < 0.01). After day 19, both groups differed significantly, indicating the luteal regression in nonpregnant cows. In this group, CL volume decreased by 29% from day 19 to 22, especially between days 20 and 21 (41%) (P < 0.05 and P < 0.001, respectively). Conversely, the CL volume remained stable in the pregnant group during these days.
The comparison of the plasma progesterone concentration between non-pregnant and pregnant cows is shown in Fig. 2 . Up to day 13, the progesterone concentration was similar between both groups, with almost identical growth rate (2575% in the NP group vs. 3036% in the P group). Only after day 13, both groups started to differ, with the pregnant group achieving higher values, but with great fluctuations. Thus values on day 14 were 9.8 ± 1.2 ng/ml in pregnant group vs. 6.2 ± 0.7 ng/ml in non-pregnant (P < 0.05), and on day 16 were 5.6 ± 0.8 ng/ml and 8.7 ± 1.0 ng/ml respectively (P < 0.05), but differences were not significant in other days. From day 18 onwards, both groups differed significantly. In the non-pregnant group, the plasma progesterone concentration decreased consistently (52% of decrease from day 17 to 22). On the other hand, the progesterone concentration in the pregnant cows remained stable. On day 22, the concentration was 8.2 ± 1.1 ng/ml vs. 3.2 ± 0.8 ng/ml (P group vs. NP group).
Studying the correlations (from the day 0 to 22) and after splitting the data according the two proposed limits (day 11 or day 17). We found a significant general moderate correlation in the non-pregnant group between the volume of the corpus luteum and the plasma progesterone concentration (r = 0.50, P ˂ 0.001). The correlation from day 0 to 11 was r = 0.59 (P ˂ 0.001) and from day 12 to 23 was r = 0.38 (P ˂ 0.001), whereas the correlation from day 0 to 17 was r = 0.527 (P ˂ 0.001) and from day 18 to 23 was r = 0.402 (P ˂ 0.001). In the pregnant group, the general correlation between the CL volume and the plasma progesterone concentration was r = 0.37 (P ˂ 0.001). The correlation from day 0 to 11 was r = 0.63 (P ˂ 0.001) and from day 12 to 23 was r = 0.12 (P ˂ 0.05). The correlation from day 0 to 17 was r = 0.482 (P ˂ 0.001) and from day 18 to 23 was r = 0.15 (P ˂ 0.05).
Discussion
This study allows to comparing the evolution of the CL volume in non-pregnant cows and early pregnant cows, without pharmacological induction of ovulation or luteolysis. Our results show that the CL volume measurements by ultrasonography during the developing phase increased in both groups (until day 9). These results reflect the observations supported by histological exams of the CL (Singh et al. 1997) . During the period of the luteal growth, the histological study of the CL showed a hypertrophy of the luteal cells and a high presence of the blood vascular components in the CL. This increase in the luteal cells size have been shown to parallel progesterone secretion. As we have observed during the CL growth, the plasma progesterone concentration increases in both groups, reaching a maximum peak in the pregnant group on day 14 (9.8 ± 1.2 ng/ml), and on day 15 in the non-pregnant group (8.0 ± 1.3 ng/ml). Around day 14, the luteal volume tended to decrease in both groups, although this drop was less evident in the pregnant group and the CL volume stabilized in the last days. This evolution of the CL volume reflect the degenerative changes that suffer the CL including regression of capillaries, increased connective tissue, regression and loss of luteal parenchymal cells (Tamura et al. 2008 ) reflected in a drop in CL volume by echographic exam and in a parallel diminution of the plasma progesterone concentration (Singh et al. 1997) . Contrarily, other studies reported that the diminution of plasma progesterone was more rapid than the estimated CL volume regression (Herzog et al. 2011 ).
In the case of the pregnant group, the CL volume remained stable during these days. The presence of a conceptus produces interferon-tau, which inhibits the secretion of uterine Fig. 2 Comparison of plasma progesterone concentration (ng/ ml) between pregnant and nonpregnant cows. P4, (progesterone); P, (pregnant); NP, (non-pregnant). Asterisks indicate significant differences between both groups for days * P < 0.05;** P < 0.01;*** P < 0.001 Fig. 1 Comparison of the volume of the corpus luteum (mm 3 ) between pregnant and nonpregnant cows. CL, (corpus luteum); P, (pregnant); NP, (nonpregnant) . Asterisks indicate significant differences between both groups for days * P < 0.05; ** P < 0.01; *** P < 0.001 PGF 2α (Thatcher et al. 2001 ) from the day 15 to 17 of gestation (Wolf et al. 2003) . Thus, the pregnant animals do not experience an increase in the pulsatile release of PGF 2α , and the CL is maintained for a further 200 days of pregnancy (Niswender et al. 2000) . But a fail in the maintaining of this mechanism that was initiated but not sustained resulted in an early embryonic loss (Humblot 2001) . A study reported that embryonic loss did not affect the plasma concentration progesterone or the luteal area, being similar in the pregnant cows and cows with apparent embryonic loss (Herzog et al. 2011) .
It is interesting to remark the different pattern of the evolution of the CL volume and the progesterone concentration in physiological conditions. The progesterone concentration during the developing phase increased more sharply than the CL volume whereas, the drop in the CL volume was much faster than the decrease in plasma progesterone during the luteal regression phase. Our results differ from other authors (Kamimura et al. 1993) , who described that the CL volume and plasma progesterone increased similarly during the developing phase, while CL volume decreased more slowly in the luteal regression phase. Contrarily, other studies reported that the diminution of plasma progesterone was more rapid (form day 13) than the estimated CL area regression (from day 18) (Herzog et al. 2011) . Moreover, these authors (Kamimura et al. 1993) indicated that the peak progesterone concentrations and CL volumes level were smaller after the first ovulation, compared with the second and third ovulations (progesterone values: 5.9 ± 2.0, 6. 8 ± 1.7 an d 7. 6 ± 1.5 ng /ml; CL vo l ume: 7760 ± 2730, 8780 ± 3680 and 10,110 ± 3340 mm 3 , respectively). The present study reports on the first ovulation, and the progesterone peak was higher (8.0 ± 1.3 ng/ml) than any other concentration reported by these authors. Contrarily, we obtained a smaller CL peak (6572.8 ± 605.6 mm 3 ). We have noted several changes in the correlations between the CL volume and the plasma progesterone concentration in different periods of the cycle, slightly higher in the first part (up to day 17). Our results differ with other study that studied a possible relationship between CL size and progesterone levels in the developing and regression periods (Assey et al. 1993) . These authors found a correlation coefficient of 0.42 during the developing phase, while was lower and nonsignificant (0.26 during the regressing phase). In that case, the luteolysis process was induced by cloprostenol, and the regression phase was considered from the cloprostenol administration to the ovulation day (the day that the largest follicle disappeared) and the developing phase from day 1 to 7. The reason that caused the difference between our results and those results could be the cloprostenol administration, which could cause a delay or absence of the progesterone decrease, due to either incomplete luteolysis or to excess production of progesterone from sources other than the regressing CL (Callesen et al. 1987 ).
In the pregnant group, the general correlation (from day 0 to 23) was lower than in non-pregnant cows, but during the developing phase this value was similar in both groups. Whereas progesterone concentrations were similar between both groups, they started to show higher values for pregnant cows after day 13, and this trend clearly defined after day 17. However, CL size started to differ earlier (first significant difference by day 9). An increase in the differences between pregnant and non-pregnant cows in CL size and progesterone was also found in beef heifers (Charolais and Limousin crossbreds) after day 18 post-AI (Scully et al. 2015) .
Conclusions
In conclusion, the results of the present study validate that the ultrasonography could be useful for assessing the presence of a functional CL. It is an easy and, reliable method for the early assessment of CL functionality in cows after AI. This study is the basis for a next one assessing the predictive value of this technique for early diagnosis of pregnancy in cows.
